Heinrich Stadials significantly affected tropical precipitation through changes in the interhemispheric temperature gradient as a result of abrupt cooling in the North Atlantic. Here, we focus on changes in South American monsoon precipitation during Heinrich Stadials using a suite of speleothem records covering the last 85 ky B.P. from eastern South America. We document the response of South American monsoon precipitation to episodes of extensive iceberg discharge, which is distinct from the response to the cooling episodes that precede the main phase of ice-rafted detritus deposition. Our results demonstrate that iceberg discharge in the western subtropical North Atlantic led to an abrupt increase in monsoon precipitation over eastern South America. Our findings of an enhanced Southern Hemisphere monsoon, coeval with the iceberg discharge into the North Atlantic, are consistent with the observed abrupt increase in atmospheric methane concentrations during Heinrich Stadials.
Heinrich Stadial | South American monsoon | speleothem | ice-rafted detritus T he last Glacial Period, characterized by abrupt transitions between extreme cold (Greenland Stadials, GS) and mild (Greenland Interstadials, GI) climate states, provides evidence of rapid coupled ocean-atmosphere reorganizations at millennial timescale (e.g., refs. 1-4). At least 6 out of the 26 wellrecognized GS events are marked by episodes of massive ice-rafted detritus (IRD) deposition (5-7), which were preceded by extreme cooling events in the North Atlantic and are associated with the socalled Heinrich Stadials (HS) (e.g., refs. 3, 8, and 9) .
This millennial-scale climate variability recorded in mid-and high latitudes of the North Atlantic was transmitted to the tropics through changes in the intensity of the NE trade winds and cross-equatorial temperature gradients that drive the mean position of the Intertropical Convergence Zone (ITCZ) (10) (11) (12) (13) . During HS events, the preferential cooling of the Northern Hemisphere led to a southward displacement of the ITCZ, whose strength and position are closely tied to the interhemispheric surface-air temperature and sea-surface temperature (SST) gradient (11, 12, 14) . Over the North Atlantic, the connection between high latitude and tropical surface cooling occurs through equatorward advection of cold air masses to midlatitudes in the area of the North Atlantic's subtropical High/ Azores High (10) .
Climatic expression of such millennial cold events is even more pronounced in midlatitudes as evidenced by sharp declines of Pine forests in southwestern Europe (15) (reflecting extreme cold atmospheric conditions) that precede episodes of iceberg surge. These complex events are synchronous with the two distinct phases of HS in the northern North Atlantic (16) . However, there is no understanding so far of how the southward displacement of the thermal front as far south as 35-37°N (15, 17, 18) affected the interplay between SST and atmospheric circulation at subtropical and tropical latitudes during the two phases of an HS, that is, the cold phase preceding maximum IRD deposition and the IRD peak itself.
Similarly, an abrupt weakening of the East Asian monsoon (19) and a strengthening of the monsoon in eastern South America is recorded during HS1 at the time of IRD deposition (20) (21) (22) (23) . Furthermore, peaks in the global atmospheric methane concentration associated with tropical wetland expansion appear to be synchronous with episodes of iceberg discharge in the North Atlantic (24) . Nevertheless, despite the dominant influence of HS on the tropical hydrologic cycle, most of our current understanding of how HS affected the global monsoon stems from remote marine and ice core records, rather than in situ archives directly recording changes in tropical precipitation.
Here we explore the timing and magnitude of changes in South American Monsoon precipitation during HS based on in situ speleothem records to assess its sensitivity to changes in coupled oceanatmosphere interactions, propagating from the Northern Hemisphere high latitudes to tropical regions.
Significance
Here, we present a precisely dated speleothem record of South American monsoon precipitation covering the period encompassed by the last six Heinrich Stadials. Our monsoon record allows us to determine the timing of regional hydroclimatic expression of Heinrich Stadials over tropical lowland South America. By comparing our record with sea-surface temperature reconstructions from the subtropical North Atlantic, our results provide evidence connecting South American monsoon precipitation and methane release with the events of iceberg discharge depicted by the deposits of ice-rafted detritus. These results are relevant to climate modelers and paleoclimatologists interested in abrupt climate change, tropical-extratropical climate teleconnections, and paleo-reconstructions of the monsoon and the tropical hydrologic cycle.
Site Descriptions
Monsoon precipitation over eastern South America is reconstructed from isotopic records derived from speleothems, sampled in multiple caves located in Central-Eastern and Northeastern Brazil. The record from Central-Eastern Brazil is composed of a suite of nine stalagmites sampled in two caves: Lapa Grande (LG) (14°22′S, 44°17′W) and Lapa Sem Fim (LSF) (16°09′S, 44°36′W). The distance between the two caves is about 190 km (Fig. S1 ). The record from Northeast Brazil is composed of two stalagmites sampled in two caves located 1 km apart from one another: Paixão (PX) (12°37′S, 41°01′W) and Marota (MAG) (12°35′S, 41°02′W). At all cave sites the precipitation occurs almost exclusively during the active period of the South American Monsoon System (SAMS), between October and April, with a maximum activity between November and February when almost 70% of the total annual precipitation occurs (Precipitation at the Study Site and Fig. S2 ).
The isotopic composition of rainfall at the sites during the monsoon season is primarily influenced by the amount of rainfall and is characterized by a decrease in δ with local precipitation, but a faithful recorder of regional precipitation over the eastern South American domain (Fig. S3) .
Results and Discussion
The speleothem-derived stable oxygen isotope (δ 18 O) records presented here are based on more than six thousand measurements for δ 18 O, yielding a mean temporal resolution of ∼20 y (Fig. 1) . The chronological control of these speleothem records is based on 128 new 230 Th dates covering the last 84 ky (Dataset S1). For the time period from 14.37 to 19.30 ky B.P. we present the combined speleothem record from Stríkis et al. (23) , which is based on three stalagmite records: LSF16, LSF3, and PX7. In addition, here we use an updated age model of PX7 stalagmite, which includes four additional ages between 15.51 and 17.37 ky B.P. We also extended the isotope record of LSF3 (17.3-19.30 ky B.P.) to 26.95 ky B.P. (Dataset S1). Although the δ 18 O values from the LG speleothem record are ∼1.5‰ more enriched than those from LSF, both isotope records describe consistent variations of similar amplitude on orbital to millennial timescales (Fig. 1) . In particular, the isotope record is characterized by numerous millennialscale events of high amplitude, recording abrupt isotopic excursions of about 3‰ with an average duration of less than 100 y. Here we demonstrate that these abrupt events of increased SAMS activity during the HS are coeval, within dating uncertainties, with the periods of IRD deposition in the eastern subtropical North Atlantic (Fig. 2) .
There is no clear relationship between monsoon precipitation over Central-Eastern Brazil and changes in summer insolation over the last 85 ky, although some coupling appears to occur between about 80 and 60 ky B.P., also observed in δ 18 O speleothem records from the western Amazon basin (27) (Fig. 1) . On the other hand, precipitation over eastern South America was strongly modulated by millennial-scale events during the last Glacial Period, leading to synchronous climate variations over the South American tropics and high-latitude areas of the Northern Hemisphere ( Figs. 1 and 2 ). During Marine Isotope Stage (MIS) 3 (∼27-60 ky BP) in particular, variations in the intensity of monsoon precipitation respond in phase to the abrupt temperature oscillations of the GS and GI cycles recorded in the δ
18
O isotope curve of Greenland ice cores (3, 9) (Fig. 1B) . The impact of GS phases on the hydrologic regime over eastern tropical South America is also documented by past water-table fluctuations recorded in calcite rimes at the LG cave walls. A subaqueous carbonate coating, located along the edge of the cave walls on a currently dry conduit, is 230 Th dated at 35.87 ± 1.2 ky B.P., pointing to significantly increased groundwater recharge during GS-8 (36.58-35.48 ky B.P.) (Fig. 1B and Fig. S4 ). This scenario is also consistent with the episodic speleothem growth and tufa formation recorded during GS and HS in the current semiarid areas of Northeast Brazil (28) .
While the response of the SAMS to GS and GI phases documented in our speleothem record is consistent with the response reported in previous studies (14, 22, (29) (30) (31) , this is, to our knowledge, the first observational evidence directly relating the SAMS response to Northern Hemisphere sea ice expansion and episodes of iceberg discharge and IRD deposition, as for example recorded in midlatitudes of the North Atlantic, off the Iberian Peninsula (9, 15, 17) . While evidence for the occurrence of episodic wet events in the current semiarid areas of Northeastern Brazil during HS is well established (14, 21, 22) , our higher-resolution and more precisely dated speleothem records allow distinguishing between the general strengthening of the South American monsoon in response to North Atlantic cooling and the additional monsoon enhancement during the maximum IRD deposition, thereby connecting the iceberg discharge with reorganization of tropical monsoon circulation.
Direct comparisons between continental and marine paleoclimate archives extending to the Glacial Period can be challenging since imprecision in the marine core chronology linked to ocean 14 C reservoir age uncertainties makes it difficult to establish a precise chronology for the timing of environmental and climate changes (32) . Furthermore, a Heinrich event may be time-transgressive, which renders the chronology of the Heinrich layer/event even more challenging (3, 33). On the other hand, the tuning of the δ
O record of planktonic foraminifera with the millennial-scale GS/GI oscillations in the Greenland δ
O record may circumvent part of this problem, allowing establishment of a better comparison between monsoon variability in South America and high-and midlatitude SST variations in the North Atlantic. This approach facilitates the assessment of the imprint of HS on the South American monsoon. To allow for a direct comparison with the eastern South America speleothem records, the Greenland Ice Sheet Project 2 (GISP2)-related chronology of deep-sea core MD95-2040 (34, 35) was transferred to the annuallayer-counted Greenland ice core chronology 2005 (GICC05) (3) following the GI/GS boundary identifications (presented in Fig. 2) .
The coupling between eastern North Atlantic SST and the SAMS is evident during HS1, HS2, HS5, and HS6, when a substantial depletion in the speleothem δ
O occurs independently of changes in temperature over high-latitude areas (Fig. 2) . During HS1 a negative excursion recorded in the speleothem isotopic composition that begins in the middle of GS2.1 at 18 ky B.P. coincides with the cooling in the eastern subtropical North Atlantic. However, a more pronounced drop in the speleothem δ 18 O record occurs at 16.1 ky B.P., contemporaneous with a major peak in IRD deposition, identified in marine records from the subtropical North Atlantic (e.g., refs. 23 and 36-38) (Fig. 3) . Also, Stern and Lisiecki (38) recognize a rapid decrease in the 14 C reservoir age along with the 16 ky B.P. IRD peak, indicating a strong stratification of the upper water column associated with the massive freshwater release during the main phase of IRD deposition. (Fig. 2 and Fig.  S5 ). However, unlike HS1, during HS2 monsoon precipitation in eastern South America, SST anomalies in the eastern subtropical North Atlantic and IRD deposition are synchronous, taking place at the same time. During the HS1, on the other hand, the IRD maximum occurs nearly 1,000 y after the monsoon strengthening and the surface ocean cooling in the North Atlantic.
Similar connections between IRD deposition and SAMS intensification are also evident during HS4, HS5, and HS6, when a strengthening of the SAMS over eastern South America again coincides with episodes of IRD deposition as evidenced by the sudden and large δ
O decrease (sometimes >3‰ in magnitude) at the time of Heinrich-layer deposition in the eastern subtropical North Atlantic (Figs. 2 and 3) . However, the relationship between SAMS activity and iceberg surge is not linear. During HS4, monsoon precipitation is intensified with the onset of IRD deposition and not necessarily during its peak phase (Figs. 2 and 3) . Notably, no equivalent anomalies are recorded in the δ
O of the Greenland ice cores. The maximum δ
O drop in speleothem LSF13 and LG12B during HS4 and HS5 are contemporaneous with the episodic event of speleothem growth (TBV-40 and 63) observed in semiarid Northeastern Brazil (28) , respectively (Fig. 1) . During HS4 and HS5 in particular, a positive excursion toward dry conditions occurs over the central Peruvian Andes with no counterpart in the speleothem δ 18 O record from eastern South America and the western Amazon basin (31) (Fig. S6) . The dry excursion along the western border of the SAMS domain indicates that HS may at times affect monsoon rainfall differently along the eastern and western fringe of the SAMS region. Antarctic forcing may also play a significant role during some of these abrupt events as previously suggested by Kanner et al. (30) (Fig. S6) .
The abrupt strengthening recorded in the SAMS during HS1, HS2, HS4, and HS5 also coincides with abrupt increases in the atmospheric methane concentration (24) (Fig. 2) . During HS1 the δ
O minimum at 16.1 ky B.P. identified in the speleothem records from Central-Eastern and Northeastern Brazil coincides with a spike in atmospheric methane at 16.13 ky B.P. Similarly, during HS2 and HS5 sudden enhancements of monsoon precipitation over eastern South America coincide with abrupt increases in the global methane concentration (24) (Fig. 2) . Neither record has a similar abrupt counterpart in the surface temperature record at high northern latitudes, strengthening the argument that much cooler temperatures related to the peak of IRD deposition during the HS events affected tropical precipitation, leading to an increase in global atmospheric methane as a consequence of a substantial enhancement of monsoon precipitation over tropical land areas of the Southern Hemisphere (24) .
The close coupling between monsoon precipitation over eastern South America and Northern Hemisphere midlatitude temperature can be explained by the latitudinal shift in the mean position of the ITCZ as a consequence of changes in the tropical interhemispheric SST gradient (12, 40) . The surface cooling in the subtropical North Atlantic is likely caused by the strengthening of the Azores High during GS and HS, thereby changing the interhemispheric SST gradient and displacing the ITCZ southward (15) . In this scenario, fresh water release associated with the melting iceberg and consequent IRD deposition led to the expansion of sea-ice cover, displacing the oceanic thermal front southward hence, affecting global monsoon precipitation. This concept is reinforced by the striking antiphasing between millennial-scale events in speleothem isotope records from the South American monsoon domain (29) (30) (31) and Northern Hemisphere monsoon precipitation record (41) . During HS the annually resolved terrigenous input from the Cariaco Basin (41) points to severe drought concordant with midlatitude SST reconstructions from the eastern North Atlantic (Fig. S7 ). In the same way, dry conditions over the eastern Asian Monsoon (42) domain coincide with periods of maximum monsoon precipitation over central South America (Fig. 2) . A maximum sea-ice extent during the HS (43) may have resulted in a southward shift of the sub-Arctic front affecting surface temperature at mid-and low latitudes and forcing a southward displacement of the ITCZ. In fact, for some HS events, as observed during HS2, HS4, and HS5, peaks of strengthening of the polar vortex (calcium ion concentration from ice cores) line up with events of SAMS strengthening (Fig. S7) . This would explain the response of SAMS precipitation over eastern South America and the abrupt methane increase at times of IRD deposition in the Iberian Margin (Fig. 3) .
Conclusions
Our results suggest that the advection of cold air masses associated with the abrupt reduction of surface temperature in response to massive iceberg surges during the main phase of IRD deposition may have intensified the North Atlantic subtropical High, thereby increasing the advection of moisture into the South American continent. In southwestern Europe marine records located at the Iberian Margin point to a substantial reduction of river discharge coeval with the peak IRD deposition (15) . The relationship established between cold surface-water anomalies in the eastern subtropical North Atlantic, dry conditions in southwestern Europe, and positive SAMS anomalies in eastern South America during periods of IRD deposition is similar to a positive North Atlantic Oscillation mode (15, 44) . Our results also highlight important regional differences in the precipitation response to HS in the eastern and western part of the SAMS domain, which warrant further study. A zonal precipitation dipole between eastern and western tropical South America has previously been noted to occur on several timescales and in response to a variety of different forcings (32, 45) . Finally, our results also highlight the sensitivity of the SAMS to changes in the interhemispheric temperature gradient, which may have implications for future drought scenarios over eastern South American monsoon domains, given the preferential warming of the Northern Hemisphere under future greenhouse gas forcing (46, 47 O. The stable isotope data presented in this paper will be made available at the NOAA Paleoclimatology datasets.
Age Model. The ages were obtained by using a multicollector inductively coupled plasma mass spectrometry technique (Thermo-Finnigan NEPTUNE) at the University of Minnesota and the Institute of Global Environmental Change, Xi'an Jiaotong University, Xi'an, China following the procedures described by Cheng et al. (48) . Most dates present errors (2σ) <1% (Dataset S1). The samples weighing between 150 and 300 mg were dissolved in HNO 3 and equilibrated with a O record of Stuiver and Grootes (49) , for which no corresponding depth intervals are available. Therefore, the following steps were needed to derive corresponding GICC05 ages: i) calculating GISP2 depths for the GISP2-derived age control points of MD95-2040 using the GISP2 age-depth data of Grootes et al. (50); ii) transferring the obtained GISP2 depths to corresponding GICC05 ages (modified to year B.P.) using the GISP2 depth to GICC05 age correlation for δ 18 O data published by Seierstad et al. (51) .
The age model above 290 cm remained unchanged, that is, based on the calibrated 14 C ages.
